Experiments of 17 high strength aluminum alloy (7A04) specimens were conducted to investigate the constitutive relationship under cyclic loading. The monotonic behavior and hysteretic behavior were focused on and the fracture surface was observed by scanning electron microscope (SEM) to investigate the microfailure modes. Based on Ramberg-Osgood model, stress-strain skeleton curves under cyclic loading were fitted. Parameters of combined hardening model including isotropic hardening and kinematic hardening were calibrated from test data according to Chaboche model. The cyclic tests were simulated in finite element software ABAQUS. The test results show that 7A04 aluminum alloy has obvious nonlinearity and ultra-high strength which is over 600 MPa, however, with relatively poor ductility. In the cyclic loading tests, 7A04 aluminum alloy showed cyclic hardening behavior and when the compressive strain was larger than 1%, the stiffness degradation and strength degradation occurred. The simulated curves derived by FE model fitted well with experimental curves which indicates that the parameters of this combined model can be used in accurate calculation of 7A04 high strength aluminum structures under cyclic loading.
Introduction
With the development of aluminum alloy structures, the research on constitutive relationship of aluminum alloy and aluminum alloy members is gradually deepening. Much recent research activity about aluminum alloy has centred on static research including stability behavior research [1] [2] [3] , research on joints [4, 5] , research on fatigue crack [6, 7] , and research on overall aluminum alloy structures [8] . However, the research work of aluminum alloy members or structures under dynamic loading [9] is scant. With the rapid development of metallurgical industry, high strength aluminum alloy (HSAA) starts to be applied as main supporting members in engineering structures. The research on seismic performance of aluminum alloy structures or members will be a big trend. As the premise of the seismic performance analysis, the constitutive relationship of HSAA under cyclic loading is the important basis.
The research on the constitutive relationship of aluminum alloy was focused on its monotonic behavior.
Ramberg-Osgood presented a nonlinear constitutive model of aluminum alloy in 1943 [10] :
In 1971, Steinhardt presented a method which can simplify the calculation of " " in Ramberg-Osgood model and has been applied widely [11] , as is shown in 7A04 HSAA is Al-Zn-Mg-Cu series aluminum alloy, with nominal yield stress over 500 MPa, which has been applied in aerospace field. Recent years, several transmission tower structures and military engineering structures intend to use the 7A04 HSAA as the main structural material. Zhang et al. conducted a research on static constitutive relationship on 7A04 HSAA in 2011 [14] . However, there is no research of 7A04 HSAA on the constitutive relationship under cyclic loading.
In the current paper, 2 monotonic loading tests and 15 cyclic loading tests were conducted. Monotonic behavior and hysteretic behavior of the material were analyzed. SEM was used to observe the crack surface in order to study the microfailure modes of the material. Stress-strain skeleton curves under cyclic loading were fitted based on Ramberg-Osgood model. After calibration of the parameters in Chaboche model, FE software ABAQUS was used to simulate the corresponding tests. The purpose of this paper is to supply a basis for calculation of 7A04 HSAA structures under cyclic loading.
Experimental Investigation

Test Specimens.
Plates are usually used in structure engineering; therefore, 17 specimens were cut from HSAA plates. The dimension of the specimen is shown in Figure 1 . The chemical composition of 7A04 HSAA is shown in Table 1 .
Test Set-Up.
Monotonic loading and cyclic loading were carried out on INSTRON 8801 testing machine, as is shown in Figure 2 . The strain of specimens was measured by extensometer connected with the testing machine with gauge length of 12.5 mm and measuring range of ±35%. The layout of the extensometer is shown in Figure 1 . Strain controlled loading was adopted in the test. Stress, strain, and displacement were collected by computer in real time, and the acquisition frequency is 20 Hz.
Specimens M1 and M2 were tested under monotonic loading. Specimens H1∼H15 were tested under different kinds of cyclic loading to investigate the hysteretic behavior and constitutive characteristics. After the cyclic loading, the specimens were loaded until tension failure. All of the cyclic loading system is shown in Figure 3 .
Test Results and Analysis
Test Results.
Test results of monotonic loading and cyclic loading are summarized in Tables 2 and 3 . Specimen H1 failed in the 6th loading cycle, not reaching the ultimate strength.
Monotonic
Behavior. Stress-strain curves of monotonic loading are shown in Figure 4 . It can be found from Figure 4 and Table 2 that the nominal yield strength of 7A04 HSAA is about 540 MPa, and the ultimate strength is about 600 MPa. The strength of 7A04 HSAA is close to Q460 high strength steel. There are no obvious yield plateau and descending stage in the stress-strain curve. The fracture strength is decreased by 1.3% compared with the ultimate strength. The failure process is very sudden without visible necking phenomenon. The ductility is relatively poor with 10% ultimate strain. Figure 5 is the comparison between monotonic curves and cyclic loading curves. Because of Bauschinger effect, cyclic hardening effect, and cyclic softening effect, there is difference between the monotonic curve and cyclic loading curves. The strength in strain-hardening ranges of cyclic loading curves is higher than that of monotonic curves. However, because of plastic damage, the ultimate strengths of monotonic curves and cyclic loading curves are nearly the same. The plastic damage has been marked in Figure 5 which makes a sudden drop of the curve when there is a relatively large stress. Plastic damage phenomenon is found in the loading process of H1, H3∼H6, H9∼H10, and H12∼H15.
Hysteretic Behavior.
To study the hysteretic behavior of material is to study the constitutive response of the material under cyclic loading. The stress-strain curves of H1∼H15 under cyclic loading are shown in Figure 6 ; the hysteretic behavior of 7A04 HSAA is shown as follows:
(1) By constant-amplitude cyclic loading, the stress of specimens H1 and H2 increases at the same strain with the increase of hysteretic cycles. The material shows typical cyclic hardening effect.
(2) For most specimens, the stiffness degradation and strength degradation occurred after 1% compressive strain, which is largely due to two reasons. The first one is that local buckling led to a strength decrease; the second one is that the strain measured by extensometer included buckling deformation leading to the stiffness degradation. However, both the stiffness degradation and strength degradation are caused by specimen buckling damage rather than the constitutive relationship of 7A04 HSAA itself [15] .
(3) For specimens H6 and H8 (first press and then pull), the tensile nominal yield stress is nearly the same with the one derived in monotonic loading. Bauschinger effect of the material is not significant.
(4) For specimens subjected to cyclic loading, the decrease range of the fracture strength is the same with the specimens under monotonic loading. The ductility of 7A04 HSAA did not decrease due to cyclic loading, which is different from the properties of steel.
(5) 7A04 HSAA showed combined hardening behavior including isotropic hardening and nonlinear kinetic hardening.
(6) Under many kinds of cyclic loading systems, the curves in Figure 6 are plump which show good hysteretic behavior of 7A04 HSAA.
Stress-strain skeleton curves were used to investigate the difference between the constitutive relationship of 7A04 HSAA under cyclic loading and the one under monotonic loading. The point on the skeleton curve is the point with the maximum stress and maximum strain in each loading cycle. Ramberg-Osgood model was adopted to fit the stress-strain skeleton curves. The formula is as follows:
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The initial elastic modulus of 7A04 HSAA and the parameters of R-O model ( and ) are shown in Table 4 . Figure 7 shows the comparison between the typical fitting curves and monotonic curves. From Figure 7 , the RambergOsgood model can fit the stress-strain skeleton curves of 7A04 HSAA fairly well. With the increase of strain amplitude, the cyclic hardening effect is more and more obvious. Combined with the data in Tables 2 and 3 , the cyclic hardening effect could increase the ultimate strength by 3%. The strength increasing degree by cyclic hardening effect of 7A04 HSAA is less than steel.
Test Phenomenon and Failure Modes
Macroscopic Failure Modes.
In the loading process, there are no visible deformation and necking of the specimens before its failure. In the cyclic loading, when the compressive strain was larger than 2.0%, the obvious local buckling could be observed as shown in Figure 8 . The failure process of the specimen is very sudden with relatively small fracture strain. The failure mode is shown in Figure 9 . The fracture surface forms a 45-degree angle with the direction of tensile stress. The fracture section is very even without deformation and shrinkage.
Microfailure Modes.
Fracture surface was observed by scanning electron microscope (SEM) with magnifications of 2,000 times. The microfailure modes are shown in Figure 10 . The specimens in Figures 10(a) , 10(b), and 10(c) have many round or oval dimples which have better ductility than the specimen in Figure 10(d) (H1) . There is obvious fish scale cleavage observed in the fracture surface of H1 which shows typical characteristic of fatigue failure.
Numerical Simulation of the Cyclic Loading Experiments
In order to provide a foundation for the analysis of high strength aluminum alloy structures in seismic design, finite element analysis software ABAQUS [16] was used to simulate the cyclic experiments. To describe the elastoplastic response completely, von Mises rule was adopted for flow rule and a combined model including isotropic hardening and kinematic hardening was adopted for hardening criterion according to the research work [13] . Figure 11 shows the schematic diagram of the isotropic hardening and kinematic hardening.
Isotropic Hardening.
Isotropic hardening describes the variation of the size of yield surface 0 , which is a function of equivalent plastic strain , and is shown in the following equation:
where | 0 is the yield stress when the equivalent plastic strain equals zero; according to the research work [17] , take Advances in Materials Science and Engineering 0.01 as | 0 for nonlinear metal material; ∞ and iso are undetermined parameters which mean the maximum change in the size of the yield surface and rate at which the size of the yield surface changes as plastic strain increases, respectively; 0 is the size of the yield surface in th cycle which is defined as the following equation:
where is the maximum tensile stress and is the maximum compressive stress (Figure 11(a) ).
The equivalent plastic strain is defined as
where Δ is the plastic strain range. ∞ and iso in (5) can be calibrated through the data pair ( 0 , ) including the data pair ( | 0 , 0). The parameters of isotropic hardening component are listed in Table 5 .
Nonlinear Kinematic
Hardening. Kinematic hardening describes the variation of backstress which is the function of plastic strain in a stabilized cycle, as is shown in (8):
where kin, and are undetermined parameters which mean initial kinematic hardening modulus and rate at which the kinematic hardening modulus varies with increasing plastic deformation, respectively. is th backstress and ,1 is th backstress of the first data point, = 1, 2, 3, . . . , . The multiple backstress superposition method (9) is adopted for fitting the curve more accurately. In the current paper, equals 3 in (9) .
Plastic strain pl in data pairs ( , pl ) is shifted as
where pl is the plastic strain value when the curve intercepts the strain axis and pl 1 equals zero. For each data pair ( , pl ), backstress could be obtained from (11):
where = ( 1 + )/2; that is, is average value of the first data 1 and last data . Lots of data pairs ( , pl ) were used to calibrate the parameters kin, and which are obtained in Table 5 . Figure 12 . The simulated curves fit well with the experimental curves. However, because of unknown imperfections in the test specimens, the FE results overestimate the stress in certain strain region. Because of the model assumption in ABAQUS, in the upper left corner area, the simulated curves have little difference with the test curves which is also found in research work [18, 19] .
FE Analysis. The comparison between the FE results and test results is shown in
In general, the parameters of 7A04 HSAA in the combined model can be used in the analysis of 7A04 HSAA structures or members under cyclic loading.
Conclusion
Experimental investigation of 7A04 HSAA under monotonic loading and cyclic loading was conducted and a corresponding FE model was established in the current paper. From all above research, main conclusions can be obtained as follows:
(1) There are no visible deformation and necking of the specimens under monotonic loading and cyclic loading. The failure process is very sudden with a loud sound. The fracture surface was very even and forms a 45-degree angle with the direction of tensile stress. And the fracture surface was observed by SEM.
(2) By hysteretic curves, the hysteretic behavior of 7A04 HSAA was investigated. The material shows typical cyclic hardening effect; however, its Bauschinger effect is not significant. For most specimens, the stiffness degradation and strength degradation occurred after 1% compressive strain. The ductility of 7A04 HSAA did not decrease due to cyclic loading. And it shows combined hardening behavior including isotropic hardening and nonlinear kinetic hardening.
(3) The stress-strain skeleton curves were fitted according to Ramberg-Osgood model. And the cyclic hardening parameters of the skeleton curves were determined. The comparison was conducted between cyclic loading skeleton curves and monotonic loading curves.
(4) The curves simulated by ABAQUS fit well with the experimental curves and the cyclic hardening parameters based on Chaboche model derived in the current paper can be used in engineering practice. The plastic strain value when the curve intercepts the strain axis.
